Abstract: Receptors that activate the heterotrimeric G protein Ga q are thought to play a role in the development of heart failure. Dysregulation of autophagy occurs in some pathological cardiac conditions including heart failure, but whether Ga q is involved in this process is unknown. We used a cardiomyocyte-specific transgenic mouse model of inducible Ga q activation (termed Ga q Q209L) to address this question. After 7 days of Ga q activation, Ga q Q209L hearts contained more autophagic vacuoles than wild type hearts. Increased levels of proteins involved in autophagy, especially p62 and LC3-II, were also seen. LysoTracker staining and western blotting showed that the number and size of lysosomes and lysosomal protein levels were increased in Ga q Q209L hearts, indicating enhanced lysosomal degradation activity. Importantly, an autophagic flux assay measuring LC3-II turnover in isolated adult cardiomyocytes indicated that autophagic activity is enhanced in Ga q Q209L hearts. Ga q Q209L hearts exhibited elevated levels of the autophagy initiation complex, which contains the Class III phosphoinositide 3-kinase Vps34. As a consequence, Vps34 activity and phosphatidylinositol 3-phosphate levels were higher in Ga q Q209L hearts than wild type hearts, thus accounting for the higher abundance of autophagic vacuoles. These results indicate that an increase in autophagy is an early response to Ga q activation in the heart.
INTRODUCTION
Autophagy is a degradation pathway in which doublemembrane vesicles called autophagosomes enclose bulk intracellular materials and send them to lysosomes for degradation. 1 Under physiological conditions, a basal level of autophagy maintains cellular homeostasis by removing damaged proteins and organelles and recycling their constituent building blocks for other metabolic uses. 2 Autophagy is also an essential mechanism for cells to cope with stress. Nutrient deprivation, hypoxia, oxidative stress, hormones, and exercise are all reported to induce autophagy, which allows the cell to produce nutrients and adenosine triphosphate that are necessary for survival. [2] [3] [4] Autophagy starts with the assembly of an initiation complex that contains Vps34, p150, Atg14, and Beclin1. Vps34 and p150 are the catalytic and regulatory subunits, respectively, of Class III phosphatidylinositol (PI) 3-kinase. Atg14 binds to both Vps34-p150 and Beclin1 and directs the complex to intracellular membranes where nucleation of autophagosome vesicles occurs. 5 Binding to Beclin1 and Atg14 greatly increases the lipid kinase activity of Vps34, which phosphorylates PI at the 3 0 hydroxyl position to generate PI 3-phosphate [PI(3)P] at the nucleation site. This leads to recruitment of proteins that participate in 2 pathways that promote membrane elongation, curvature, and closure into an autophagosome. 6 Atg7 acts in both pathways and thus is critical for autophagosome formation. In one of the pathways, LC3-I is lipidated to produce LC3-II, which inserts into the lipid bilayer to facilitate membrane elongation. Recognition and delivery of cargo into the forming autophagosome are mediated by the adaptor protein p62. 7 Autophagosomes then fuse with lysosomes and the contents are degraded by hydrolases.
The use of knockout mice has demonstrated that autophagy is essential for normal cardiac function. Cardiacspecific Vps34 knockout mice developed cardiac hypertrophy and died between 5 and 13 weeks of age. 8 Cardiac-specific deletion of Atg5 (a protein that acts in one of the membrane elongation pathways mentioned above) led to mitochondrial dysfunction, development of dilated cardiomyopathy, and early death starting at 6 months of age. 9 Moreover, inducible knockout of Atg5 in the adult mouse heart led to left ventricular dilatation and contractile dysfunction, with a disorganized sarcomere structure and mitochondrial misalignment and aggregation. 10 These results indicate that a deficiency in autophagy can lead to heart failure.
Accumulating evidence suggests that autophagy is dysregulated in cardiovascular diseases. Increased autophagic activity was reported in the ischemic myocardium 3, 11 and preconditioned heart. 3 Another study described increased autophagy as a response to hemodynamic stress in a model of load-induced heart failure. 12 It is well established that the heterotrimeric G protein a subunit Ga q mediates heart failure induced by pressure overload. Transgenic expression of Ga q triggered pathological phenotypes, 13, 14 and blockade of Ga q signaling prevented pressure overload-induced heart failure. 15 Ga q is activated by a number of receptors whose agonists are upregulated in the progression to heart failure, including angiotensin II and catecholamines. It was reported that angiotensin II increases autophagy in the heart, 16 and some molecules in the Ga q signaling pathway were shown to have positive or negative effects on autophagy in different studies. [17] [18] [19] [20] [21] However, direct evidence that Ga q impacts autophagy in the heart has not been reported. In this study, we used our transgenic mouse model of inducible Ga q to address this question. 14, [22] [23] [24] We observed that Ga q activation in cardiac myocytes leads to increased formation of the autophagy initiation complex and thus stimulates autophagic activity before the onset of heart failure.
METHODS

Animals
C57BL/6J mice were purchased from the Jackson Laboratory and used as wild type (WT) controls. Generation and characterization of the transgenic mouse models of inducible Ga q activation in the C57BL/6J background (termed Ga q Q209L and Ga q Q209L-AA) were described previously. 14, [22] [23] [24] All protocols for animal experiments were approved by the Stony Brook University Animal Care and Use Committee.
Materials
Antibodies were obtained from the following sources: p62 (Abnova H00008878-M01), LC3 (Cell Signaling 2775), Vps34 (Cell Signaling 4263), Beclin1 (Santa Cruz sc-10086), Atg7 (Cell Signaling 2631), Atg14 (a gift from Dr Zhenyu Yue, Icahn School of Medicine at Mount Sinai), glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Sigma G8795), Ga q/11 (Santa Cruz sc-392), normal goat IgG (Santa Cruz sc-2028), normal goat serum (Jackson Immuno Research 005-000-121), cathepsin D (Santa Cruz sc-6486), and Alexa Fluor 647-conjugated goat anti-mouse IgG secondary antibody (Invitrogen A21236). The monoclonal antibodies against Lamp-1 (1D4B) and Lamp-2 (ABL-93), developed by J.T. August, were obtained from the Developmental Studies Hybridoma Bank, created by the National Institute of Child Health and Human Development of the National Institutes of Health and maintained at the University of Iowa, Department of Biology, Iowa City, IA. Specialty chemicals were obtained from the following sources: blebbistatin (Sigma B0560), bafilomycin A1 (Enzo BML-CM110), protease inhibitor cocktail (Sigma P8340), tamoxifen (Sigma T5648), Medium 199 (Sigma M4530), LysoTracker Red (Invitrogen L7528), laminin (Invitrogen 23017-015), insulintransferrin-selenium (Gibco 41400), and Liberase TM Research Grade (Roche 05401127001).
Tamoxifen Treatment
Tamoxifen was sonicated in autoclaved peanut oil at 10 mg/mL. WT, Ga q Q209L, or Ga q Q209L-AA mice [8] [9] [10] [11] [12] weeks old were injected with tamoxifen intraperitoneally at 1 mg per day for 3, 7, or 14 days as indicated.
Echocardiography
Mice were anesthetized with 1%-2% isoflurane and M-mode transthoracic echocardiography was performed and fractional shortening was calculated as previously described. 25 
Adult Mouse Cardiomyocyte Isolation and Culture
Mice were anesthetized under 3% isoflurane and hearts were removed and mounted on a Langendorff apparatus. Retrograde perfusion was performed by gravity pressure. Hearts were first perfused with MyoBuffer (137 mM NaCl, 5.4 mM KCl, 2 mM MgSO 4 , 0.33 mM NaH 2 PO 4 , 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM taurine, 10 mM glucose, and 100 U-100 mg/mL penicillin-streptomycin, pH 7.4) for 3 minutes and then with 5 mg/mL Liberase TM in MyoBuffer plus 0.1 mM CaCl 2 . When the hearts became soft, they were dismounted and perfused manually with Stop Buffer [MyoBuffer plus 1% bovine serum albumin (BSA)] with 0.2 mM CaCl 2 . The tissue was minced and disrupted in Stop Buffer with 0.2 mM CaCl 2 using a Pasteur pipet. The suspension was filtered through 200 mm nylon mesh into a 15 mL centrifuge tube. Cardiomyocytes of good quality quickly settled to the bottom and the supernatant was removed. Cardiomyocytes were washed sequentially with Stop Buffer containing 0.5 mM CaCl 2 and 1.0 mM CaCl 2 , then resuspended in Plating Medium [ACCIT medium (Medium 199, 2 mM L-carnitine, 5 mM creatine, 5 mM taurine, 2 mg/mL bovine serum albumin, 100 U-100 mg/mL penicillin-streptomycin, 10 mL/mL insulintransferrin-selenium, 2 mM glutamine, and 25 mM blebbistatin) 26 with 5% fetal bovine serum]. Cardiomyocytes were plated onto laminin-coated cell culture dishes and incubated in a 5% CO 2 atmosphere at 378C for 2 hours. After incubation, healthy, rod-shaped cardiomyocytes adhered to the dish; dead and unhealthy cells were aspirated and fresh ACCIT medium was added. Treatments were carried out after a 2-hour incubation in ACCIT medium.
Transmission Electron Microscopy
Mice were anesthetized under 3% isoflurane and hearts were quickly removed and retrograde perfused manually with 7 mL MyoBuffer and then 7 mL fixative [2% paraformaldehyde (PFA) and 2.5% glutaraldehyde in phosphate-buffered saline (PBS), pH 7.4]. The endocardium was cut into ;1 mm 3 cubes in fixative at room temperature and stored overnight in fixative at 48C. Fixed samples were placed in 2% osmium tetroxide in PBS, pH 7.4, for 1 hour, then dehydrated in a graded series of ethanol, and embedded in Embed 812 resin. Ultra-thin sections of 80 nm were placed on formvar-coated copper grids or mesh. Sections were counterstained with uranyl acetate and lead citrate and viewed with an electron microscope (FEI Tecnai12 BioTwinG 2 ) at 80 kV. Images were acquired with a CCD digital camera system (model XR-60; Advanced Microscopy Techniques Corp.). Ten to fifteen pictures were taken from each section using a uniform random sampling method at a magnification of ·9300. 27 Images to show detailed structure were taken at a magnification of ·30,000 or higher. Organelles were counted using ·9300 images and normalized by an area of 156.75 mm 2 per image.
Western Blotting
Mice were anesthetized under 3% isoflurane and killed by cervical dislocation. Hearts were quickly removed and the atria and aorta were trimmed off. Ventricles were homogenized in General Lysis Buffer [10 mM sodium pyrophosphate, 50 mM HEPES, pH 7.5, 1% Triton X-100, 50 mM NaCl, 50 mM NaF, 5 mM ethylenediaminetetraacetic acid, pH 8.0, 200 mM sodium orthovanadate, 0.2 mM phenylmethanesulfonyl fluoride, and 1 mL/mL protease inhibitor cocktail] using a glass dounce homogenizer on ice. Crude lysates were centrifuged at 13,500 rpm for 20 minutes at 48C. Supernatants were collected and protein concentration was quantified using a Bradford assay (Bio-Rad). Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrophoretically transferred onto polyvinylidene difluoride. The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline plus 0.1% Tween 20 for 1 hour, incubated with primary antibody overnight at 48C, and incubated with horse radish peroxidase-conjugated secondary antibody for 1-2 hours at room temperature. Enhanced chemiluminescence substrate (Thermo Pierce) was then applied to the blot, and signals were captured using a FluorChem E system (ProteinSimple). The density of each band was analyzed using AlphaView software (ProteinSimple).
Cultured cardiomyocytes were lysed in Lysis Buffer B (1% sodium deoxycholate, 1% SDS, 1% Triton X-100, 10 mM Tris, pH 8.0, and 0.14 M NaCl) and sonicated to fragment DNA. Crude lysates were centrifuged at 13,500 rpm for 15 minutes at 48C, and the protein concentration of the supernatant was quantified using a bicinchoninic acid assay (Thermo Scientific). Proteins were then analyzed by western blotting.
RNA Extraction and Real-time Quantitative PCR
RNA was isolated from pieces of fresh ventricle weighing 40-50 mg using the RNeasy kit (QIAGEN) following the manufacturer's protocol. cDNA was made from 1.6 mg of RNA using the iScript cDNA synthesis kit (BioRad), and cDNA made from 40 ng of RNA was added to each qPCR reaction. Reactions were done in triplicate. Real-time quantitative PCR (RT-qPCR) was carried out using TaqMan gene expression assays (Applied Biosystems), and gene expression relative to GAPDH was calculated using the DDCq method. 28 For each gene, the value obtained for one of the WT animals was assigned as 1, and values obtained for the other WT and Ga q Q209L animals were normalized to it. Quality controls were performed following MIQE guidelines. 29 Relative standard curves were performed for each TaqMan assay to ensure that PCR efficiency was between 90% and 110% and that the cDNA did not contain factors that inhibit PCR. The TaqMan assays used were: p62, Mm00448091_m1; LC3, Mm00782868_sH; Vps34, Mm00619489_m1; Beclin1, Mm01265461_m1; Atg14, Mm00553733_m1, Atg7, Mm00512209_m1; and p150, Mm00661451_m1.
PI(3)P Level
Fresh ventricles were snap frozen in liquid nitrogen and stored at 2808C. The tissue was pulverized using a liquid nitrogen-cooled stainless steel mortar and pestle, and phospholipids were extracted following the protocol in the PI(3)P Mass Enzyme-linked Immunosorbent Assay (ELISA) Kit (Echelon) with modifications. 30 The powder was transferred to a 15 mL glass tube and incubated on ice for 5 minutes in 7 mL 0.5 M trichloroacetic acid. The powder was then washed with 5 mL of 5% trichloroacetic acid containing 1 mM ethylenediaminetetraacetic acid and then with 5 mL water. Eight percent of the suspension was then removed for the purpose of protein amount normalization. The powder was centrifuged down, sonicated in Lysis Buffer B, and the protein was quantified using the bicinchoninic acid assay. The rest of the powder was pelleted and depleted of neutral lipids by extracting with 6 mL of methanol:chloroform (2:1) for 10 minutes at room temperature. Acidic lipids were obtained by extracting the tissue with 4.5 mL of methanol:chloroform:HCl (80:40:1) for 15 minutes at room temperature. PI(3)P in this fraction was then extracted by adding 1.5 mL of chloroform and 2.7 mL of 0.1 M HCl. The lower organic phase was transferred into a 1.5 mL tube, dried under vacuum, and stored at 2208C. PI(3)P was measured using the PI(3)P Mass ELISA Kit following the manufacturer's protocol. The amount of PI(3)P was normalized to the amount of protein extracted from tissue of an equal mass.
Beclin1 Immunoprecipitation (IP) and Vps34 Activity Assay
Freshly collected ventricles were homogenized on ice in Vps34 Lysis Buffer (20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 100 mM NaF, 10 mM sodium pyrophosphate, 1% NP-40, 10% glycerol, 0.1 mM sodium orthovanadate, 0.2 mM phenylmethanesulfonyl fluoride, and 1 mL/mL protease inhibitor cocktail) and centrifuged at 13,500 rpm for 20 minutes at 48C. The protein concentration of the supernatants was quantified by Bradford assay. Samples containing 50 mg of protein were used for western blotting, and samples containing 2 mg of protein were used for Beclin1 IP/western blots and Vps34 activity assays. Vps34 was coprecipitated with anti-Beclin1 antibody overnight at 48C, and the precipitates were pulled down with protein G agarose beads for 1-2 hours at 48C. For Beclin1 IP/western blots, the beads were washed with Vps34 Lysis Buffer, boiled in SDS sample buffer, and subjected to western blotting. For Vps34 assays, the beads were washed 3 times with Vps34 Lysis Buffer and then twice with a buffer containing 50 mM HEPES, pH 7.5, 100 mM NaCl, and 1 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid. Twenty-five percent of each sample was boiled in SDS sample buffer and subjected to western blotting. The remainder was assayed for Vps34 activity by measuring incorporation of 32 P into L-aphosphatidylinositol as previously described. 31 For each heart sample, duplicate IPs were performed and average radioactivity from both Vps34 assays was calculated.
LysoTracker Red Staining and Confocal Microscopy
Cardiomyocytes isolated as described above were plated on laminin-coated glass-bottom dishes (MatTek Corporation). After incubation in ACCIT medium for 2 hours, cardiomyocytes were loaded with 67 nM LysoTracker Red for 30 minutes. Cells were washed twice with ACCIT medium and images were taken using an Olympus Fluoview FV1000 system. The same voltage and magnification were used for each image. Images were exported into TIFF files using FluoView2.0 software (Olympus). The number and area of LysoTracker Red-positive puncta in each cardiomyocyte were analyzed using CellProfiler 2.0 (Broad Institute), 32 and statistical analysis was done using GraphPad Prism 4.0.
Immunofluorescence Microscopy
Cardiomyocytes were isolated as described above, except that Ca 2+ -free Tyrode Buffer (137.7 mM NaCl, 2.3 mM NaOH, 1 mM MgCl 2 , 10 mM glucose, 5 mM HEPES, and 5.4 mM KCl) was used instead of MyoBuffer solutions during the Langendorff perfusions, and Ca 2+ -free KB solution (83 mM KCl, 30 mM K 2 HPO 4 , 5 mM MgSO 4 , 5 mM sodium pyruvate, 5 mM b-hydroxy-butyric acid (sodium salt), 5 mM creatine, 20 mM taurine, 10 mM glucose, 0.5 mM ethylene glycol-bis(b-aminoethyl ether)-N, N,N',N'-tetraacetic acid, and 5 mM HEPES) was used instead of Stop Buffer solutions for the manual perfusion, mincing, and washing steps. Cardiomyocytes were plated on laminin-coated glass coverslips. After 45 minutes at room temperature, the KB solution was aspirated and the cells were fixed using 4% PFA in PBS for 20 minutes. The cells were then permeabilized using 0.1% Triton X-100 in PBS, blocked using 5% normal goat serum in PBS, and incubated with mouse anti-p62 antibody in 5% goat serum in PBST (PBS with 0.1% Tween 20) at 48C overnight. The samples were then incubated with goat anti-mouse IgG secondary antibody conjugated to Alexa Fluor 647 (1:300) in PBST at room temperature for 1 hour. Nuclei were stained with 4',6-diamidino-2-phenylindole (1 mg/mL in PBS) for 5 minutes at room temperature. Coverslips were mounted using Immu-Mount and dried overnight. Images were acquired and analyzed using the same method as for LysoTracker Red staining.
For immunofluorescence (IF) microscopy of tissue sections, hearts were retrograde perfused with Ca 2+ -free Tyrode Buffer and then with 4% PFA. Tissue was fixed for 24 hours at 48C, and then the PFA was removed by 4 PBS washes over 3-4 hours. The tissue was then soaked in 30% sucrose in PBS overnight, equilibrated in 30% sucrose and OCT compound (1:1) for 30 minutes, and then embedded in OCT compound and stored at 2808C. IF staining of 7 mm cryosections was then performed.
Statistical Analysis
Student's t test was performed in MS Excel 2013; Mann-Whitney test was performed in GraphPad4.0.
RESULTS
Autophagic Protein Levels Are Increased in Ga q Q209L Hearts
We previously established and characterized a transgenic mouse model of cardiac-specific inducible Ga q . These mice express constitutively active Ga q Q209L fused to a modified hormone-binding domain of the estrogen receptor (hbER). Use of the a myosin heavy chain promoter drives expression selectively in cardiac myocytes. The Ga q Q209L-hbER protein is inactive under normal conditions but becomes active when the animals (referred to as Ga q Q209L mice) are injected with tamoxifen, leading to heart failure within 21-28 days. 14 We first investigated whether autophagic protein levels are changed on Ga q activation in the heart. After 3 days of tamoxifen injections, p62 and LC3-II protein levels increased moderately (Fig. 1A, B) . After 7 days of injections, Ga q Q209L hearts consistently exhibited large increases in the protein levels of both p62 and LC3-II (Fig.  1C, D) . Furthermore, we found that the levels of other proteins that participate in the autophagic machinery, ie, Vps34, Beclin1, Atg7, and Atg14, were increased in Ga q Q209L hearts after 7 days of tamoxifen injections (Fig. 1C, D) , but not after 3 days (Fig. 1A, B) . RT-qPCR showed 2-fold and 4-fold upregulation in p62 mRNA after 3 days and 7 days of tamoxifen injections, respectively, which could account for the increased level of p62 protein in Ga q Q209L hearts (Fig. 1E) . Atg7 mRNA increased slightly after 7 days (Fig. 1E) , whereas LC3, Vps34, Beclin1, and Atg14 mRNA levels were not increased at either time point (data not shown).
p62 transcription has been shown to increase in response to a number of cellular stresses, 33 as p62 protein plays a critical role in maintaining cellular homeostasis by forming aggregates to sequester harmful proteins such as the negative redox regulator Keap-1. 34 To investigate the subcellular distribution of p62, we performed IF microscopy using isolated cardiomyocytes. The signal was very faint in WT cells, but we found that p62 formed large aggregates throughout the sarcoplasm in Ga q Q209L myocytes (Fig.  1F, G) . p62 aggregates were also observed in cryosections of Ga q Q209L hearts, confirming that they were not an artifact of cardiomyocyte isolation (Fig. 1H) . Thus, despite increased autophagy, p62 expression and aggregation are induced, which may be an adaptive response to fight against stress conditions such as elevated levels of reactive oxygen species that can be caused by Ga q activation. 35, 36 14 days. 14, 24 Heart failure occurred after 21-28 days of tamoxifen treatment. 14,22 WT mice did not develop abnormal cardiac contractility, even after 28 days of tamoxifen injections. 14, 24 To ensure that any effects on autophagy we observed are not secondary to heart failure, we reexamined cardiac contractile function in Ga q Q209L mice injected for #7 days. Serial echocardiography showed that fractional shortening tended to be lower but was not significantly changed in Ga q Q209L hearts after 3 days of tamoxifen injections (50.0% 6 3.1% before vs. 45.5% 6 3.9% after; Fig. 2) . However, consistent with our previous results, 14, 22, 24 mice injected for 7 days showed a significant but moderate decrease in fractional shortening (50.4% 6 1.2% before vs. 35.7% 6 2.7% after; Fig. 2 ). This defect is not as severe as that seen in mice injected for 14 days (fractional shortening = 20.9% 6 1.3%). 24 Values for systolic and diastolic left ventricular posterior wall thickness were larger in Ga q Q209L mice after 3 days of tamoxifen treatment but not at 7 days (Table 1) . Thus, there may be an early and transient phase of hypertrophy in this model that was not detected in previous studies. 14, 24 Heart rate and left ventricular end systolic diameter were significantly altered in Ga q Q209L hearts after 7 days of tamoxifen injections but not after 3 days (Table 1) .
We decided to perform subsequent experiments on mice injected with tamoxifen for 7 days because their hearts showed a relatively mild contractile defect and the molecular changes in autophagy were consistent.
Abundance of Autophagic Vacuoles Is Increased in Hearts of Ga q Q209L Mice
The autophagy process consists of 3 essential steps: (1) formation of autophagosomes; (2) fusion of autophagosomes with endosomes or lysosomes; and (3) degradation and recycling of the contents. Autophagic vacuoles can be characterized into 2 categories: early or initial autophagic vacuoles (AVi or autophagosomes), which are surrounded by a double membrane and contain undigested cytoplasmic contents; and late or degradative autophagic vacuoles (AVd), which result from the fusion of autophagosomes with endosomes or lysosomes, have a single membrane, and contain electrondense digested material. 37 We next investigated autophagic vacuole formation in tamoxifen-injected Ga q Q209L versus WT mice using transmission electron microscopy (TEM).
Low-magnification TEM images showed that the sarcomere structure of the majority of Ga q Q209L cardiomyocytes was abnormal to various degrees: some were slightly misaligned (Fig. 3A. c, upper part of section), whereas others were severely disrupted (Fig. 3A. b, c, lower part of section). These changes in ultrastructure are consistent with the contractile dysfunction observed by echocardiography.
We observed many more autophagic vacuoles in Ga q Q209L hearts than in WT hearts (Fig. 3A, B) . AVis containing mitochondria and glycogen were observed in Ga q Q209L hearts (Fig. 3A.e, h) . Figure 3A .f shows an AVi containing a mitochondrion fusing with an AVd. One type of very large empty vacuole seemed to have resulted from digestion of several mitochondria (Fig. 3A.c, g ) and thus was categorized as AVd. There were also smaller AVds containing digested cytosolic material (Fig. 3A.b,  i) . In Ga q Q209L hearts, the numbers of AVi and AVd increased proportionally as compared with WT, which indicates that autophagosome maturation is normal in Ga q Q209L hearts (Fig. 3B, C) . We also observed an increased number of deformed mitochondria in sections of Ga q Q209L hearts (Fig. 3A.b, D) , which accounted for 1.7% 6 0.5% of the mitochondria counted. Another striking observation is that although WT hearts contained many lipid droplets, Ga q Q209L hearts were deficient in this ultrastructure (Fig. 3A.a, E) . By contrast, the number of lysosomes tended to be larger in Ga q Q209L hearts than in WT hearts (Fig. 3A.b, F) .
Lysosomal Activity Is Enhanced in Ga q Q209L Hearts
The increased number of autophagosomes and LC3-II upregulation observed in Ga q Q209L hearts could be due to impaired clearance of autophagosomes, although the presence of digested material in AVds and autophagosomes containing mitochondria fusing with AVds (Fig. 3A) would seem to be against this possibility. To confirm that clearance of autophagosome cargo is not impaired in Ga q Q209L hearts, we next examined lysosomes by using LysoTracker Red to stain the acidic organelles in isolated cardiomyocytes. In WT cells, most of the acidic vesicles were small and clustered around the nuclei (Fig. 4A) . In Ga q Q209L cardiomyocytes, enlarged vesicles appeared around the nuclei and throughout the length of the cell (Fig. 4A) . The number of acidic vesicles per myocyte was larger in Ga q Q209L cells than in WT cells (Fig. 4B) . Furthermore, the average size of the lysosomes in Ga q Q209L myocytes was larger than in WT cells (Fig. 4B) . Western blotting showed that levels of 2 lysosome-associated membrane proteins (Lamp-1 and Lamp-2) that are important for lysosomal function were elevated in Ga q Q209L hearts (Fig.  4C) . Importantly, in an active lysosome, immature procathepsin D (52 kDa) is proteolytically cleaved to generate an intermediate form (48 kDa) , which is further cleaved to yield the 2 subunits of the mature form (34 kDa and 14 kDa). In Ga q Q209L hearts, both the intermediate and mature forms of cathepsin D were increased (Fig. 4C) . Collectively, these data indicate that lysosomal activity is enhanced in Ga q Q209L hearts.
Autophagic Flux Is Increased in Ga q Q209L Cardiomyocytes
A standard biochemical method used to show autophagic activity is the autophagic flux assay, in which protein accumulates when bafilomycin A1 is used to block lysosomal degradation. This assay was performed on cardiomyocytes isolated from WT and Ga q Q209L hearts. Consistent with our observations in the whole heart (Fig. 1C) , cardiomyocytes from Ga q Q209L mice showed increased levels of LC3-II as compared with WT in the absence of bafilomycin A1 (Fig. 5) . More importantly, when the cells were treated with bafilomycin A1, LC3-II increased in both the WT and Ga q Q209L myocytes, indicating that autolysosomes are functional in Ga q Q209L cells (Fig. 5) . The average increase in LC3-II in QL myocytes (1.7 arbitrary units) was larger than in WT cells (1.1 arbitrary units), indicating an increase in autophagic flux (P = 0.0246, Student's t-test).
Vps34 Activity Is Increased in Ga q Q209L Hearts
The increase in protein expression of Beclin1, Vps34, and Atg14 in Ga q Q209L hearts suggests that the autophagy initiation complex that contains these components is also upregulated. On the other hand, Beclin1 and Vps34 can be found in other functionally distinct complexes. 38 To further explore the mechanism of increased autophagic activity in Ga q Q209L hearts, we checked the formation of the autophagy-promoting Beclin1/Vps34/Atg14 complex using coimmunoprecipitation. We found that more Vps34 and Atg14 coimmunoprecipitated with Beclin1 from Ga q Q209L hearts than from WT hearts (Fig. 6A, B) . In vitro lipid kinase assays demonstrated that Vps34 activity was also enhanced in Beclin1 immunoprecipitates from Ga q Q209L hearts (Fig. 6C,  D) . To determine if these in vitro assays correlate with in vivo PI(3)P levels, we isolated phospholipids from hearts and used an ELISA assay to measure PI(3)P. PI(3)P levels were higher in Ga q Q209L hearts as compared with WT hearts in mice injected with tamoxifen for 7 days, and the difference was statistically significant after 14 days of injections (Fig. 6E) . It should be noted that the relatively severe contractile defect in animals injected for 14 days might cause systemic or intrinsic changes that impact cardiac autophagy independently of the Ga q Q209L transgene. These results suggest that activation of Ga q Q209L in the heart leads to increases in assembly of the autophagy-initiation Beclin1/Vps34/Atg14 complex, Vps34 activity, and production of PI(3)P, which culminates in autophagosome formation.
Ga q Q209L Regulates Autophagy Through Phospholipase Cb
In the canonical Ga q signaling pathway, Ga q activates phospholipase Cb (PLCb), which hydrolyzes PI 4,5-bisphosphate to produce inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 binds to the IP 3 receptor (IP 3 R) to trigger a release of Ca 2+ into the cytosol, and diacylglycerol activates conventional and novel isoforms of protein kinase C. A second target of Ga q is the Class 1A phosphoinositide 3-kinase PI3Ka, which is inhibited by binding to Ga q Q209L. 39, 40 To determine which of these pathways contributes to the increase in autophagy in Ga q Q209L hearts, we used a second cardiomyocyte-specific transgenic mouse line (termed Ga q Q209L-AA) that expresses a tamoxifen-regulated Ga q Q209L mutant in which Arg256 and Thr257 are changed to Ala. This protein cannot activate PLCb but still inhibits PI3Ka. 14, 23 Activation of this mutant Gaq protein for 7 days caused minimal changes in left ventricular chamber and wall dimensions with a small increase in end systolic diameter (Table 2) . Importantly, Ga q Q209L-AA mice did not develop a contractility defect after 7 days of tamoxifen injections (Fig. 7A, B) , and also did not show a reduced heart rate ( Table 2) , consistent with our previous observations at 14 days 24 and 28 days. 14 We compared autophagic protein levels in hearts of WT and Ga q Q209L-AA mice injected with tamoxifen for 7 days. There was no difference in the levels of p62, LC3-II, 
DISCUSSION
According to the World Health Organization, cardiovascular diseases are the leading cause of death, contributing to ;31% of deaths worldwide. Heart failure is the major cause of mortality and morbidity in patients with cardiovascular diseases. 41 Despite the development of multiple treatments, therapy for heart failure remains unsatisfactory, with a 5-year mortality rate of ;50%. 42 Thus, a full understanding of the mechanisms of progression in heart failure is critical if we are to produce more effective methods to prevent and treat this condition.
After cardiac injury, up-regulation of hormones leads to the activation of G protein-coupled receptors (GPCRs) that promote progression to heart failure. Many reports have shown that activation of receptors coupled to Ga i , Ga s , or Ga q can modulate autophagy. 43 The study of how GPCRs regulate autophagy is complicated by the fact that receptors can couple to multiple types of Ga proteins, and both the Ga and Gbg dimers that are released on receptor activation signal to downstream effectors. The transgenic approach we used here studied the effect of activated Ga q in isolation and revealed that Ga q stimulates autophagy in the heart. These results support the hypothesis that GPCR activation of Ga q signaling contributes to the increase in autophagy during the pathophysiological progression to heart failure.
In contrast to our finding that Ga q stimulates autophagy, Zhang et al 44 used siRNAs to knock down Ga q/11 in HeLa cells and saw increased autophagy, thus concluding that Ga q inhibits this process. The discrepancy between our finding and those of Zhang et al 44 may be due to cell type-specific differences.
An increase in cardiac autophagy has been observed in other models of cardiac injury and heart failure. 3, 11, 12, 45, 46 Our Ga q Q209L mice exhibit relatively mild contractile dysfunction after 7 days of tamoxifen injections that develops into heart failure with 2-3 weeks of further treatment. 14, 22 We found that autophagy was significantly increased in mice treated for 7 days, well before the onset of heart failure. The increased levels of p62 and LC3-II seen after 3 days of Ga q Q209L activation, when contractile dysfunction was not detected, suggest that the increase in autophagy may be a direct result of Ga q signaling. However, we cannot rule out the possibility that the increase in autophagy is a secondary response to cellular injury. Cardiac contractility in Ga q Q209L mice injected with tamoxifen for 7 days is reduced because of a disorganized T-tubule network that causes abnormal Ca 2+ handling, 24 raising the possibility that an increase in autophagy affects T-tubule remodeling.
Our results using the Ga q Q209L-AA mouse suggest that Ga q stimulates autophagy through the PLCb pathway. Studies of molecules in the canonical Ga q signaling pathway have reported mixed effects on autophagy. In noncardiac cells, elevation of intracellular IP 3 decreased autophagic flux by an unknown mechanism, whereas the IP 3 R was shown to block autophagy by binding to and sequestering Beclin1 in a complex that cannot initiate autophagosome formation. 19 Similar observations were made in neonatal rat cardiomyocytes. 21 Increased cytosolic Ca 2+ concentration has been reported to induce or inhibit autophagy, depending on cell type. 17, 18, 20 It is not clear how the increases in IP 3 and the changes in Ca 2+ handling that occur in Ga q Q209L hearts contribute to the increase in autophagy seen here. Ga q may also induce mitochondrial oxidative stress. 47 Although the number of damaged mitochondria in Ga q Q209L hearts was small, we cannot rule out the possibility that damaged mitochondria generate oxidative stress to induce autophagy. Due to the multiple effects that are initiated by activation of Ga q signaling, determining which signaling pathway downstream of PLCb is the dominant driver of autophagy will need further investigation. Beclin1 from nonautophagic complexes 19 on activation of Ga q Q209L permits the formation of new autophagy initiation complexes. Stabilization of the proteins in the new Vps34-Beclin1-Atg14 complexes would explain why we observed an increase in protein but not mRNA levels in the Ga q Q209L heart. In addition to the autophagy initiation complex, we observed a small increase in Atg7 transcription in Ga q Q209L hearts after injection of tamoxifen for 7 days. Other studies have described a stimulatory effect of Ga q on Atg7 transcription. Mining a dataset deposited to Gene Expression Omnibus, we found that uveal melanoma cell lines harboring a constitutively active Ga q mutant had a 2.1-fold higher level of Atg7 expression than WT cell lines. 51 In the mouse heart, Atg7 mRNA levels increased 2.3-fold after 4 weeks of angiotensin II infusion (which activates the Ga q -coupled AT 1 receptor). 52 Moreover, we observed increased protein expression of Lamp-2 and increased cathepsin D proteolytic cleavage. These data suggest that Ga q enhances the expression of key proteins in organelles at every level of the autophagy pathway.
Very interestingly, we observed both increased p62 mRNA and protein levels in Ga q Q209L hearts. As an important mediator and substrate of autophagy, p62 is degraded on autophagy activation in most cell systems. However, other studies have shown that the p62 protein level in the heart increases in response to autophagic stimuli such as starvation. 53 Another study described upregulation of p62 expression and its localization in aggregates in 2 mouse models of cardiomyopathy caused by transgenic expression of misfolded proteins. 54 As far as we know, this is the first report of a cell signaling pathway that upregulates p62 mRNA expression in the heart. A major function of p62 is to self-oligomerize and form protein aggregates to sequester harmful or toxic proteins such as Keap-1, a negative regulator of the master antioxidant protein Nrf2. 55 p62 aggregation plays a critical role in promoting cellular antioxidant responses. 34 It is possible that p62 upregulation and aggregation function as a response mechanism to alleviate the reactive oxygen species stress induced by pressure overload or Ga q activation. 35, 36 In summary, it is well accepted that sustained activation of Ga q signaling contributes to cardiac remodeling that leads to heart failure. Using our conditional Ga q Q209L mouse model, we previously elucidated the contractile and electrophysiological abnormalities caused by hyperactivation of Ga q that result in dilated cardiomyopathy and heart failure. The present study demonstrates that Ga q /PLCb signaling initiates molecular changes in autophagy that occur well before the onset of heart failure. We speculate that the upregulation in autophagic flux observed in cardiomyocytes of our Ga q Q209L mice is a compensatory response to the increased demand for protein and organelle recycling necessary for Ga q -induced cardiac remodeling. It is possible that when this FIGURE 7 . Upregulation of autophagy is mediated by PLCb. A and B, Serial M-mode echocardiographic measurements were done on Ga q Q209L-AA (AA) mice before and after tamoxifen injection for 7 days. A, Representative M-mode transthoracic views. B, Percent fractional shortening (mean values with standard error of the mean). Each point represents the average calculated from multiple cardiac cycles for one animal. No significant difference between the mean values (bars, with standard error of the mean) by Student's t test. C, Heart lysates from WT, Ga q Q209L (QL), and AA mice injected with tamoxifen for 7 days were analyzed by western blotting. GAPDH is a loading control. D, Bands in (C) were quantified by densitometry and normalized to GAPDH. Data shown are mean 6 SE. compensatory mechanism is overwhelmed by continued Ga q signaling, the inability to remove potentially toxic protein accumulations such as p62, accentuates the progression to heart failure. It is known that the loss of critical autophagy regulators such as Atg5 or Vps34 by gene deletion results in heart failure. Future studies that allow fine-tuning of the level of autophagic flux will greatly improve our understanding of this critical cellular process in the development and progression of this deadly cardiac disease.
CONCLUSIONS
Activation of Ga q Q209L in the heart causes increased formation of autophagosomes and lysosomes, resulting in increased autophagic flux. We speculate that similar processes are triggered by chronic exposure to angiotensin II, catecholamines, and other hormones whose blood concentrations are elevated in hypertension and heart failure and that activate Ga q -coupled receptors. Clinical studies are ongoing to pharmacologically activate autophagy for treatment of neurodegenerative diseases. 20, 56 Future studies that investigate the consequences of manipulating autophagy in heart failure may lead to novel therapeutic strategies to treat this deadly disease.
